Abstract Dislocation of the elbow associated with radial head and coronoid fracture, the so-called "terrible triad" of the elbow, is challenging to treat and has a history of complicated outcomes. However, advances in the knowledge of elbow kinematics combined with improved implants and surgical techniques during the past few years have led to the development of standard surgical protocols. This review article analyses the results in 137 elbow triad injuries of five studies treated using the current protocols. These include fixation of the coronoid fracture, repair or replacement the radial head, and repair of the lateral ligament complex, reserving medial collateral ligament repair and application of hinged external fixation for patients with residual instability. Treatment of these demanding injuries appeared effective in the majority of cases, i.e. with an average of 31 months of follow-up, overall flexion arc was 111.4°, averaged flexion was 132.5°with forearm rotation of 135.5°, Mayo elbow performance score was 85.6 points, and Broberg-Morrey score was 85 points. Nevertheless, the patient should be informed about the incidence of complications including joint stiffness, ulnar nerve symptoms or post-traumatic arthritis.
Introduction
Fracture dislocations of the elbow are difficult injuries to manage [1] [2] [3] [4] [5] , and historically have had a consistently poor outcome. The terrible triad of the elbow consists of a combination of an elbow dislocation, a radial head fracture, and a coronoid process fracture. This situation almost always renders the elbow unstable, making surgical fixation necessary. The primary goal of surgical fixation is to obtain a stable joint that permits early motion. The knowledge of elbow biomechanics ( Fig. 1 ) and the patho-anatomy of this injury has improved during recent years, and new implants have been developed, thereby allowing the development of a systematic approach for treatment [6] . Most cases are managed surgically. Thus, open reduction and internal fixation of the coronoid fracture and/or repair of the anterior capsule, repair or replacement the radial head, and repair of the lateral ligament complex is the treatment of choice. Repair of the medial collateral ligament and/or application of a hinged external fixation are reserved for patients who demonstrate residual instability after standard treatment.
The purpose of this review was to evaluate the injury patterns, treatments applied and outcomes obtained in patients with elbow terrible triads treated by current surgical protocols and define the key aspects in the management of these complex injuries.
Material and methods
An electronic search was conducted using the EMBASE and MEDLINE databases. Three different searches were performed in each database. Search keywords included elbow, fracture, dislocation, complex dislocation and terrible triad. Only papers in English were included. Articles were considered eligible if they met the following inclusion criteria: the target population consisted of adult patients with the "terrible triad" pattern of injury of the elbow, the treatment applied was based on current surgical protocols for these injuries, and the outcome was described adequately using validated assessment tools. Case reports, review papers, expert opinion articles, editorials, letters to the editor, publications on congress proceedings, manuscripts with incomplete documentation of outcomes, details of the applied treatment, or unpublished series were excluded (Fig. 2) .
The combined search produced 3,036 articles. The titles and abstracts were each reviewed to identify those of interest for in-depth review. Twenty-one articles from EMBASE [1, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and 21 from MEDLINE [1, 8-12, 14-16, 18-21, 27-34] were identified and reviewed, and their bibliographies were also reviewed to look for other potential articles for inclusion.
Of 42 manuscripts initially selected based on the search strategy of this study, five met the inclusion criteria [8, 9, 16, 20, 33] .
The Methods and Results sections of these manuscripts were then reviewed. Data regarding study demographics and methodology were extracted and placed in table form (Table 1) . Data extracted from the articles were further analysed for type of injury and surgical treatment applied, functional outcomes at final follow-up and postoperative complications.
Type of injury
The term "terrible triad of the elbow" refers to an elbow dislocation associated with a radial head and coronoid process fracture (Fig. 3) . However, there is a huge spectrum of injuries that can be included. According to the literature reviewed, most of the cases are male adults with types II or III radial head fractures (Mason classification) and type I coronoid fractures (Regan-Morrey classification). Although the Regan-Morrey classification for coronoid fractures has been widely used, the classification described by O'Driscoll et al. [35] has recently gained popularity.
Soft tissues injuries must also be taken into account. The lateral collateral ligament, medial collateral ligament and anterior capsule are usually torn, and these structures are important determinants of elbow stability [36] .
As a result of high energy trauma, associated injuries are often found. These injuries must be suspected to avoid mistakes in diagnosis. In elbow triads, attention is usually focussed on the dislocated elbow but there should be a high index of suspicion for ipsilateral wrist fractures (radius, scaphoid), proximal ulna fractures, radial neck fractures, capitelum fractures, or contralateral upper limb fractures ( Table 2) .
In order to achieve good results, it is important to clearly define the injury and make a preoperative treatment strategy. Plain radiographs of the elbow and wrist must be obtained ( Fig. 4a-b) , but in the majority of cases a computed tomography scan is mandatory (Fig. 5 ).
Surgical treatment

Treatment delay
The goal in the treatment of elbow triads is to achieve a stable joint that allows early motion, in order to prevent joint stiffness. The majority of cases reported in the papers reviewed were treated during the first week after the injury.
Before surgery, it is important to define the type of the injury and prepare for any possible intraoperative complications. Thus, all the potentially necessary material must be readied and available (screws, suture anchors, transtibial tunnel guide from the anterior cruciate ligament reconstruction instruments for coronoid fixation, plates, prosthesis, external fixators, etc.).
Surgical approach and treatment strategy
In a recent paper, Mathew et al. [6] described an algorithm for the surgical management of elbow triads.
There are several ways to approach the elbow surgically. According to the recent literature, use of the unique posterior approach seems to be used most often. It allows access to both aspects lateral and medial of the elbow. However, lateral and medial approaches can also be used according to the surgeon preferences (Fig. 6 ). With respect to the articles reviewed, most of the surgeons employed the posterior approach, but lateral or combined approaches were also performed ( Table 3 ).
The coronoid fragment should be fixed first. After that, the radial head should be fixed or replaced, and then the lateral collateral ligament should be repaired. Intraoperative Some authors have suggested that stability is adequate when the elbow can be extended to 45°without dislocation [37] . Others maintain that to be confident that the elbow is stable, it should be possible to extend the elbow nearly completely without redislocation [38] . Prolonged dislocation or subluxation of the elbow should be avoided, as it can damage the articular surfaces and/or lead to attenuation of the collateral ligaments requiring more complex reconstructive procedures [39] .
Radial head fracture
The radial head is an important secondary stabiliser against valgus loading and posterior translation. As the medial collateral ligament is usually torn in this injury, the radial head takes on a more important role as a stabilising structure against valgus stress. Given the relatively young age of the patients that usually sustain these injuries, the radial head fracture should be fixed if possible. Some authors have described radial head excision for fragments <25% of the head fractures if the elbow remains stable after coronoid fixation [2, 20] . If joint instability remains, a radial head prosthesis must be used. Usually, fractures that involve more than onethird the articular surface of the radial head with >2 millimetres of displacement and any sizable comminution are replaced. For better biomechanical and biological compatibility, metal radial head implants are preferable to silicone implants [40] [41] [42] . Radial head replacement was the treatment applied in the majority of the cases in the articles reviewed (Table 3) .
Coronoid fracture
Repair of a coronoid fragment is important to achieve elbow congruency and stability. Larger fragments clearly affect elbow stability. However, small fragments involving 10% of the coronoid process have been shown to have little effect on stability in cadaveric studies [43] . Whether small coronoid fragments should always be fixed remains debatable. For fractures of the tip of the coronoid, capsular repair or suture anchors can be used to prevent posterior displacement of the ulna. Small coronoid fragments are often difficult to distinguish from fragments of the radial head. Given that these fractures are so small, it is not clear whether the substantial decrease in elbow stability can be ascribed entirely to them. The anterior aspect of the capsule is attached to this fragment [44] , but anterior capsular disruption occurs with most posterior dislocations of the elbow. At a minimum, it is clear that the associated fracture of the coronoid can be a marker for diminished elbow stability. When there is doubt about the presence of a coronoid fragment, computed tomography imaging with three-dimensional reconstruction should be obtained.
The surgical management of coronoid fragments may vary according to the type of injury. For large fragments, internal fixation with screws should be performed. Fractures that involve the medial facet of the coronoid process may be best addressed by a medial exposure and fixation with a plate and screws.
With respect to the papers reviewed, Egol et al. did not repair the coronoid fragment. In the other papers, capsular repair, coronoid fixation or both were performed (Table 3) .
Soft tissue injuries
The characteristic soft-tissue injury patterns seen in association with unstable elbow dislocations and fracture-dislocations have been described previously [29] .
In elbow triads, the lateral collateral ligament is always torn. This ligament plays an important role in the varus stability of the elbow, especially the ulnar band, and should always be repaired. The ligament is most often detached from its insertion on the lateral epicondyle so suture anchors or transosseous sutures can be used to repair it. It is not rare for the origin of the extensor supinator muscles to be torn as well and should also be repaired because of its 109°±57 n/a n/a 128°±44 n/a n/a Forthman et al.
117° ( n/a n/a n/a n/a not available contribution in the dynamic stabilisation of the elbow. Defects in soft-tissue planes created by the trauma can be used to perform the surgical approach. The lateral collateral ligament and the origin of flexor pronator muscles can be also torn. If necessary, they should be repaired. Repair of the lateral collateral ligament is described in all the studies reviewed ( Table 3) .
Repair of the medial collateral ligament is performed if residual instability persists.
Dynamic external fixator
After repairing all the structures, the elbow must be tested for stability. If appropriate stability is not obtained, a dynamic external fixator should be applied to allow early motion in a safe range.
An external fixator was applied in 36 of 137 patients reviewed in this study, so an external fixator should always be prepared and ready for use in case of instability.
Static external fixation or transfixation of the ulnohumeral joint can be reasonable alternatives if hinged external fixation is not possible. While excessive immobilisation can lead to a stiff elbow, this problem can be treated with a high degree of success with operative capsular release [45, 46] , but chronic subluxation or dislocation of the elbow may lead to irreparable articular injury.
Postoperative care
After surgical repair, a stable and congruent joint must be obtained (Fig. 7a-b) , and on the first days of the postoperative period active and active-assisted range of motion exercises including both flexion and extension can be initiated as tolerated. Some authors argue that active elbow motion following surgical repair enhances stability through the recruitment of muscle groups that act as dynamic stabilisers of the elbow [20] .
Functional outcomes
The functional outcomes are detailed in Tables 4 and 5 .
At an average of 31 months of follow-up, overall flexion arc was 111.4°, average flexion 132.5°, forearm rotation 135.5°, Mayo elbow performance (MEPI) score 85.6 points, and the Broberg-Morrey score was 85 points.
Weighted outcomes for the five studies were as follows: flexion arc 110.28°, averaged flexion 131.98°, averaged flexion contracture 16.19°, forearm rotation 134.86°, forearm pronation 76.35°, forearm supination 62.45°, MEPI score 85.55 points, and Broberg-Morrey score 83.90.
According to the MEPI and Broberg-Morrey scores, the outcome in the majority of cases was rated as excellent or good. n/a n/a n/a n/a n/a 88(45-100) 88 (53-100) 6 11 3 2 n/a n/a n/a n/a n/a Lindenhovius et al.
90 (64-100) 5 10 3 0 88(65-100) 6 8 2 n/a Zeiders et al.
n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a not available n/a 3 n/a n/a n/a n/a n/a n/a not available
Complications and additional procedures
Most of the complications were related to ulnar nerve symptoms, post-traumatic arthritis, elbow stiffness and heterotopic ossification. However, there was no consensus about the routine transposition of the ulnar nerve and the prevention of heterotopic ossifications with the use of postoperative radiotherapy or indometacin. Egol et al. used postoperative radiotherapy (single doses of 700cGy), and Zeidres et al. prescribed indometacin daily for three weeks after surgery. With respect to post-traumatic arthritis, the majority of patients who developed it had symptoms of mild or moderate joint degeneration (Table 6) .
Additional procedures were mainly capsular release, hardware removal and secondary ulnar nerve transposition (Table 7) .
Recommendations
Limitations of this study include level of evidence III and IVof the papers reviewed. Future investigations seem advisable, especially to refine specific indications for type I coronoid fracture fixation, fixation or replacement of the radial head in partial fractures, medial collateral ligament reconstruction and benefits and indications of the hinge external fixation.
According to the recent literature about the management of elbow triads and the outcomes reported in this study, the following recommendations have been made when treating elbow triads:
1. Computed tomography with three dimensional reconstructions can be helpful in obtaining an appropriate diagnosis of the type of injury. 2. All potential material needed for reconstruction must be prepared (screws, suture anchors, plates, prosthesis, external fixators, etc.) prior to surgery. 3. A posterior skin incision is most widely used. It allows access to both medial and lateral aspects of the elbow. 4. Anterior ulnar nerve transposition can prevent postoperative ulnar nerve dysfunction symptoms. 5. Repair the structures from deep to superficial-coronoid process, radial head and lateral collateral ligamentusing the different methods available depending on the type of injury. 6. Try to preserve the radial head; if not possible, a metallic radial head arthroplasty should be performed. 7. Assess the stability after reconstruction. If the elbow dislocates in 30-45°degrees of extension, repair the medial collateral ligament. If it persists, a dynamic external fixator must maintain stability. 8. Assess articular congruency. If the joint is not congruent, repeat the previous steps from point 5. n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a not available 9. The goal of the surgery is to obtain a stable joint that allows early motion, which must be started a few days postoperatively, avoiding varus stress. 10. A functional elbow can be expected when using these current protocols, with an average flexion of approximately 110°. 11. Additional procedures may be necessary, especially for joint stiffness, removal material or ulnar nerve symptoms. Arthritis can develop but will usually be tolerated.
